Information from actual farm fields can help corn producers understand the value and importance of establishing uniform crop emergence and within-row plant spacing. Thirty-eight fields planted with corn (Zea mays L.) by North Dakota producers were evaluated to determine the effects of uneven plant emergence timing and within-row plant space variability, as well as identifying contributing factors. Rows within a planter's width with the most variability yielded 6% less than the least variable rows. Individual ear weights decreased as the number of days after normal emergence (date when 50% of plant stand emerged) increased. Ears next to within-row gaps (>30.5 cm) weighed 11% more than the normally spaced plants. Combined ears from both plants situated <5.1 cm apart weighed 36% more than from a single ear from normally spaced plants. Surface residue and planting speed impacted stand establishment variability more often than other factors measured. Producers should assess each field environment individually in order to identify best practices to achieve uniform stand establishment.
Introduction
There are many farming practices that contribute to maximum yield in corn (Zea mays L.). Planting high yielding hybrids, applying fertilizer and controlling pests are common practices. However, there is one major practice affecting corn yield that many overlook-establishing a uniform plant stand. Uniform plant stand establishment includes plant emergence uniformity and within-row plant
Objectives
The objectives of this research were to quantify the variability in plant emergence timing and within-row plant spacing of corn within farmers' fields in North Dakota and measure their effects on yield and to determine the factors that contribute to uneven emergence timing and within-row plant spacing variability. From the data collected and reported, producers will better understand the importance of uniform stand establishment and the best practices to achieve it.
Materials and Methods
Field observations were made during the 2013 and 2014 growing seasons in a total of thirty-eight fields planted by North Dakota corn producers. North Dakota State University (NDSU) Extension agents and specialists assisted in this project by conducting the survey observations in their counties. The list of counties, region of the state where they are located, and number of fields observed are summarized in Table 1 . Within each field site, three randomly selected areas were demarcated for detailed measurement. These three areas were referred to as sample unit one, two and three. A minimum of five observational field visits were made to each field site. The closest North Dakota Agriculture Weather Network (NDAWN) station to the field location was used to obtain data on rainfall, soil temperature, and air temperature. Rainfall amount for the periods between the initial field visits and subsequent visits were calculated from these data, as were average soil and air temperatures were calculated from the previous field visit to that current days field visit. For the purpose of discussing general planting conditions, field locations were categorized by their regional location within the state (NE, NW, SE, SW). For each of these regions air temperature and total rainfall were averaged for 1 May through 31 May. Median planting dates for each region were calculated by referring to the planting date recorded for each field. The soil temperature was averaged for each region using the bare soil temperature at 10 cm below the soils surface for the two weeks after the planting date for that region.
The first field site visit occurred at or near planting. Individual sample units were 9.14 m long and as wide as the number of planter rows on the planter used to plant the field. For example, a twelve-row planter had a sample unit width of 12 rows. In order to decrease the work load for participating extension agents, fields that were planted with planters over 12 rows (e.g. 36 row), half of the rows were monitored. These rows included the most exterior planted wheel row into the center planted rows. Percent residue was estimated once for each of the sample units by following the steps listed in the United States Department of Agriculture, Soil Conservation Service, Corn and Soybean Crop Residue Management Guide, USDA (1992) . The values from each of the sample units were averaged and this average was used to describe the entire field and used in subsequent analysis. Soil moisture was estimated and was categorized as being dry, moist or soggy. Dry soil was defined as soil that did not hold together when trying to form into a ball. Soil that held together when made into a ball was defined as moist, and if water ran out of the formed ball and over the hand, the soil was defined as soggy.
The number of accumulated corn growing degree days (AGDD) needed from time of planting to time of emergence using values based in Fahrenheit scale is approximately 120 AGDD [11] . Therefore, the second field visit occurred at least 120 AGDD after planting but no earlier than VE50. VE50 is defined as the growth stage when 50% of the plant density has emerged [6] . 
Equation ( Relationships between stand establishment variability factors and field environment factors as well as planting methods were identified using a linear correlation model with significance level of p ≤ 0.05. The independent quantitative variables that were included were: percent residue, planting speed, soil temperature and seeding rate. The significance of regression coefficient slopes were tested using the t-test method.
Results and Discussion

General Planting Conditions
The median planting dates for fields observed in this research were generally about the middle of May for both years (Table 2) , which was slightly earlier than the date when 50% of all the corn was planted for the state as a whole. However, the planting dates were still behind the states 5-year average by approximately 40% in both years [13] . Rainfall during the month of May 2013 was substantially greater than the 7 cm average with an average departure from normal of 7 cm, while rainfall conditions during the month of May 2014 was more comparable with only −0.9 cm departure from normal [14] . In both years, rainfall averages were near normal throughout North Dakota for the remainder of the growing season. For 2013 and 2014, regional field locations had average air temperatures and bare soil temperatures close to the states 5-year average of 12.5˚C ( Table 2 ).
The number of accumulated corn growing degree days (AGDD) needed from time of planting to time of emergence is about 120 [11] . The average amount of time to reach emergence in most seasons is approximately 14 d, although in cool-soil conditions emergence can take up to 21 d [11] . The overall average number of days from planting to 120 AGDD in 2013 was 24 d while in 2014 the average number of days to emergence was closer to the expected time with 14 d (Table 2 ).
Planting Methods and Field Environment
Extension personnel recorded planter type, row spacing, seeding rate and planting speed for each field that was included in this study. Of the 38 fields observed, 31 were planted with a center fill hopper system seeder (Table 3) . Fifty-six centimeter row spacing, planting rates of 76,000 to 89,000 seeds/ha −1 and planting speeds of 7.3 to 8.0 km h −1 were the most frequently recorded planting techniques.
The fields were then evaluated for soil moisture at planting, percent residue, tillage type and previous crop ( Table 4 ). The most frequent previous crop was soybean with 21 fields. Conventional tillage, percent residue of 21% to 30%, and moist soil moisture at planting were the most frequently recorded field environments.
Soil Compaction
The presence of side wall soil compaction was investigated by digging away soil at the base of plants in at least one spot within the row. When reviewing data from all rows of all fields and sample units in the experiment, side wall compaction only occurred in five fields, primarily in 2013 when fields were planted in soggy conditions. Nevertheless, when reviewing data from rows that had been identified as being relatively more variable, side wall compaction was present in only two of these rows.
The Stutsman and Sargent County fields were measured for presence of soil compaction with the soil penetrometer resistance. The soil penetrometer resistance is said to mimic the resistance that would be encountered by a root. At 689
kPa, approximately 69% of potential root penetration is expected and is considered to have little to no compaction [15] .
The soil penetrometer readings from the rows with most variability had an average penetration resistance of 696 kPa while the least variable rows had an average penetration resistance of 689 kPa. Therefore, it would seem soil compaction within the range encountered in these locations did not play a major role on the evenness of emergence or within-row plant spacing variability.
In 2014, any row planted within a tire track was documented in an attempt to 
Stand Establishment Variability
Stand establishment variability was defined as the occurrence of uneven plant emergence timing and within-row plant spacing variability. Equation (1) was used to determine which rows within a sample unit/field were most, second most, second least, and least variable in stand establishment variability.
It was expected that the least variable row would have the highest plant density with the least amount of change relative to the target population, most uniform with regards to timing of emergence, least number of uneven plant emergence timing and least occurrences of within-row plant spacing variability. The most variable row on the other hand would have the lowest plant density with the greatest amount of change relative to the target plant density, most uneven plant emergence timing and greatest within-row plant spacing variability. These expected outcomes did occur when reviewing general plant density characteristics of each variable row type (Table 5 ). However, in 2013, the second least and second most variable rows had the highest plant density. This unexpected outcome was attributed to the way variability was calculated in 2013, as it did not take into account the number of skips and doubles, or the total number of plants within the row. The least variable rows had the lowest average percent change (−2) in target plant density compared with all other variable rows. The least variable row also had the lowest average plant-to-plant spacing (19.5 cm) and average standard deviation (7 cm).
Across all fields and sample units the average number of plants in a 9.14 m row was 44. The most variable rows averaged across years had 19 occurrences of either within plant spacing variability or late emerged plants (Table 5 ) while the least variable row had an average of 10 occurrences. 
Impact of Uneven Emergence Timing and Within-Row Plant Spacing Variability on Individual Plant Yields
Ears from plants with delayed emergence dates, or sub-optimal within-row plant to plant spacing were harvested and weighted to quantify the effects of emergence timing and spacing on individual plant yield. It is understood that late-emerged plants must compete with larger neighboring plants for resources, often resulting in smaller ears [3] . Past studies have shown that individual plants situated next to a skip or double have a difference in individual ear weight, but when the occurrence is frequent the impact on overall plot yield is minimal (1%
Data from all locations and both years shows uneven plant emergence timing and within-row plant spacing variability does affect individual ear weight (p ≤ 0.0001). However, the effect on individual ear weight changed depending on the type of emergence timing or within-row plant spacing variability (Table 6 ).
Individual ears from plants with delayed emergence, LEearly and LElate (11 to 17 d delay), had significantly less yield when compared with the plants that emerged at the normal dates (NED) ( Table 6 ). Plants that were considered
LEearly were approximately two leaves behind normal plants (data not shown).
These ears weighed 35% less, than the average weight of NED ears. Ears from LElate plants, which were approximately 4 leaves behind the normal emerged plants, weighed 41% less than the average weight of NED ears. These results are consistent with the yield decline Liu et al. [2] found with 2-leaf and 4-leaf emergence 
Impact of Uneven Emergence Timing and Within-Row Plant Spacing Variability on Overall Yield within a Given Location
As previously described, it was found that uneven emergence and within-row plant-to-plant spacing variability did impact individual plant yield. The next step in the process was to quantify the impact of uneven emergence timing and within-row plant spacing variability on overall yield.
This was achieved by measuring yield from the most, second most, second least, and least variable rows from each sample unit. It was expected that the most variable row would yield the least when compared with the other variable rows, while the least variable row would have the greatest yield.
In 2013, averaged across all field locations, the most variable row yielded 9651 kg ha −1 and the least variable row yielded 10,002 kg ha −1 (Table 5) . When data were analyzed using a combined analysis for all locations in 2013, yield was not impacted by uneven plant emergence timing and within-row plant spacing va-riability (P = 0.67) ( Table 7) . However, this result could be due to how variability was selected in 2013. For that year, variability was identified only by calculating the change in plant density over time and did not include total number of plants, skips, or doubles within the row. This issue was recognized and the method of variable row identification was modified in 2014 and Equation (1) ) ( Table 7) .
When combining both years and all locations, uneven plant emergence timing and within-row plant spacing variability had a significant impact on yield (p ≤ 0.0021). The most variable row yielded 6% (9658 kg ha ). The yield decline for the variable rows in all cases can be attributed the increased occurrences of late emerging plants (LEearly and LElate) and skips, which are known to impact the weight of individual ears and overall yield (Table 6 ). When these individual types of stand establishment outcomes are assessed on a group basis (Table 7) and quantified for differences in yield (Table 7) , stand establishment variability within the width of a planter causes a decrease in overall yield.
Nafzinger et al. (1991) states the effect on yield is heavily dependent on the proportion of the overall stand that is delayed. This statement could be taken further too also include within-row plant spacing variability.
For example, when assessing stand establishment outcomes individually, if the total percentage of plant density (based on 74,100 plants ha −1 ) has 10%, 20% and 30% occurrences of skips, there is an estimated yield loss of 8%, 17%, and 25% respectively ( Table 8 ). The percentage yield loss results (2% to 6%) for LElate (Table 8) were similar to Nafzinger et al. [4] findings of a 6% yield decline when 25% of the plant stand had a 10 to 12 d delay in emergence. Liu et al. [2] reported 4% and 8% yield decline when 17% of the plant stand had a delay in emergence of 12 d and 21 d respectively. However, it is rare to experience only one type of stand establishment outcome in the field, and producers should 
Factors Impacting Stand Establishment Variability
Since this study has confirmed that stand establishment variability does impact individual ear and overall yield of corn, the next step in the process was to identify factors that might cause greater stand establishment variability and to quantify how they might impact stand establishment variability. However, this proved to be difficult, as very few field environments had the same types or amounts of Based on stepwise regression the following variables were found to significantly impact overall variability (V) shown in the following equations for 2013 (Equation (2)), and combined years (Equation (3) 
The adjusted R 2 values for Equation (2) and Equation (3) were quite high, while the AIC values were very low, indicating that the models were effective in identifying variables implicated in increasing variability. However, the adjusted Agricultural Sciences 
The adjusted R 2 values for Equation (5) and Equation (6) were quite high, and
the AIC values were low, indicating that the models were effective in identifying variables implicated in increasing variability. However, the adjusted R 2 values for combined years was indicative that most was not explained by those independent variables.
Based on stepwise regression the following variables were found to significantly impact LEearly (LE) shown in the following equations for 2013 (Equation (6)), 2014 (Equation (7)) and combined years (Equation (8) 
Based on stepwise regression of number of doubles and LElate (LL) with field environment and planting method variables, no equations were predictive.
Although it was difficult to identify a specific prediction model to calculate expected stand establishment variability, certain field environments and planting method variables have a consistent presence in the models. These independent variables represent a significant contributing factor to overall stand establishment variability, uneven emergence timing, and within plant spacing variability outcomes. The independent variables with the most occurrences were percent residue and tractor speed, followed by previous crop, tillage, and soil temperature.
The majority of the fields in this experiment were planted in fields with residue cover ranging from 21% to 40% (Table 4 ). The amount of residue cover has the ability to cause other undesirable planting conditions that are known to impact stand establishment variability. Past studies have shown that percent residue induces uneven soil temperatures and soil moisture [6] . Planting issues that cause a lack of consistent planting depth, reduced ability of planter performance, and reduced seed to soil contact can also occur in high residue fields [16] .
Studies have shown that increasing planting speed causes a decrease in yield and an increase in within-row plant spacing variability. Lauer and Rankin [10] found a decrease in yield of 4% when speed increased from 6.4 to 12.8 km h . A study conducted by Liu et al. [9] also found an increase of plant spacing standard deviation as planting speed increased. In their research, the greatest effect from speed was under no-till when speeds increased from 7.2 to 11.3 km h −1
. In the fields monitored in the research reported here, the majority of planting speeds ranged from 7.3 to 8.8 km h −1 ( Table 3) .
The model for overall variability in combined years (Equation (7)) includes an interaction of previous crop with tillage. In this study, there were too few observations of certain previous crop type in order to make a statistical inference on which previous crop has the greatest impact on uneven plant emergence and within-row plant spacing (Table 4) . A study conducted by Duvick et al. [17] found that a corn-corn rotation with no-till had the greatest negative effect on yield and growth when compared with corn-soybean with conventional till.
Soil temperatures at planting are typically below the optimum 29˚C for corn germination and emergence [16] . In this experiment, the bare soil temperature averaged over two weeks after the planting date for all locations over both years was 15.8˚C. Varying soil temperatures can be attributed to physical characteristics of the soil such as color and texture [6] . However, the amount of residue on the soil surface also plays an important role in soil temperature. Heavy residue areas will be cooler than others, also whole fields can experience reduced soil temperatures in reduced tillage systems [1] [6].
Most research studying the impact of uneven emergence and within-row plant space variability on yield has been conducted on small scale, hand planted plots.
Some research has been done to identify factors that impact stand establishment variability. These studies were conducted on fields planted with farming implements in large scale fields. However, even these experiments applied the field environments or planting methods in question as controlled factors to the field, or identified one as the main contributing limiting factor in that field. This type of design aided the researchers to more accurately identify the level of impact the specific field environment or planting method had on stand establishment variability. Future experiments could be conducted locally in order to generate accurate prediction models for stand establishment variability in North Dakota.
Conclusions
Uneven plant emergence timing and within-row plant spacing variability effects on corn yield generally followed the expected trends based on the results of previous research. Despite the differences in rainfall and rate of AGDD between the two years, corn yield responded similarly to uneven plant emergence timing and within-row plant space variability in both years. Uneven plant emergence timing impacted individual ear weight. ). The percentage of overall yield loss is dependent on the proportion of the overall stand that is delayed [4] .
In this study, when an average of 36% (approximately 1 in 3 plants) of the plant density had a combination of stand establishment variability, overall yield declined by an average of 4%.
The key factors contributing to uneven plant emergence timing and with- [19] . It is important that the producer has an understanding that these field environments and planting methods do have an impact on final stand establishment. It is also important the producer understands the presence of uneven emergence and skips will reduce yields. Producers must apply these indications and assess each field individually in order to make best management decisions that will lead to reduced uneven plant emergence timing and within-row plant spacing variability.
